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A facile method to prepare nanoporous and graphene-like carbon 
material from a natural silk fiber was developed by a potassium 
intercalation and carbonization procedure. The as-synthesized 
graphene-like fiber was employed for oxygen reduction reaction 
and exhibited impressive electrocatalytic activity.  
The cathodic oxygen reduction reaction (ORR) plays a key role in 
controlling the performance of fuel cells and metal-air batteries,
[1-3]
 
which are promising solutions to the rising energy demands and the 
environmental impact of traditional energy resources.
[2-4]
 Pt and its 
alloys are regarded as the most effective electrocatalysts for 
ORR.
[3,5,6]
 However, the sluggish kinetics and poor stability of Pt in 
electrochemical environments, together with its high cost and 
limited reserves, have prompted extensive research into alternative 
low-cost and high-performance ORR catalysts, such as transition 
metal chalcogenides
[5]
, transition metal N4-macrocyclic compounds 
[6-9]
, and metal-free carbon materials.
[10-15]
 Among these 
alternatives, metal-free carbon materials have attracted great 
interest due to their selectivity, high electrocatalytic activity, and 
excellent durability.
[10-13]
 Recently, intensive research efforts have 
led to a large variety of carbon-based, metal-free ORR 
electrocatalysts, including heteroatom (N, B or P)-doped carbon 
nanotubes, graphene and graphite.
[14-18]
 
Graphene or graphene-like two-dimensional materials are 
excellent electrode materials due to their high mechanical strength, 
large surface area, and excellent electrical conductivity.
[19-23] 
Nitrogen-doped graphene (NG) is considered as one of the most 
promising 2D materials for ORR in alkaline solution due to the 
charge delocalization of the adjacent carbon atoms facilitating 
oxygen adsorption.
[24-31]
 However, in an acidic solution, NG material 
exhibits poor activity and stablity, resulted from the relatively low 
density of the active site structures of these materials in these 
harsh conditions. The ORR mechanisms on the NG materials, 
focusing on the nitrogen species within the carbon framework, 
indicate that both pyridinic- and graphitic-N species are active ORR 
sites.
[32-37]
 Therefore, it is of great importance to develop a facile 
approach for preparing N-doped graphene or graphene-like 
material with more exposure of N active sites (pyridinic- and 
graphitic-N) in an acid solution. Another limitation was that most of 
the carbon-based ORR electrocatalysts, especially heteroatom-
doped nanotubes and graphene, are synthesized by chemcial vapor 
deposition (CVD) methods, which are often too tedious and 
expensive for mass production because of the elaborate and precise 
vacuum-based fabrication involved. Moreover, the toxicity of 
nitrogen and other dopant precursors, as well as the possible 
contamination of the by-products during the synthesis processes, 
limit their industrial application. The N containing precursors from 
nature have attracted intensive research on the preparation of a N-
doped carbon catalyst.
[38-40]
 As one of the most abundant and 
environmentally friendly biopolymers, silk is easy to get at a 
relatively low cost. The porous carbon material derived from silk 
fibroins has also been reported to have considerable ORR catalytic 
activity.
[41-45]
 In this study, with the assistance of potassium (K) 
intercalation during the carbonization process, the K ions 
intercalated into the carbon lattices of the carbon matrix, resulting 
in expansion of the carbon lattices to form a graphene-like carbon 
and highly porous structure. Moreover, preferential exposure of 
active pyridinic- and graphitic-nitrogen was also achieved. This 
nano-structural N-containing carbon, that was derived from natural 
silk, had  high ORR activity and stability in an acidic solution. To the 
best of our knowledge, this is the first report on the one-step 
formation of graphene-like, N-containing carbon. 
In this work, Bombyx mori silk was used as a precusor. Among 
all of the cocoons, Bombyx mori possessed an oriented β-sheet 
crystal structure (high-ordered silk II structure) along the axis of the 
fiber. The β-sheet crystal hierarchical structure of the silk fiber has a 
lamellar-like layer and highly porous non-woven structure, which is 
similar to that of the graphene sheet. Raw silk consists of sericin 
and fibroin. The former was removed when the silk was heated to 
become a fiber, whereas the proteins that make up the silk fibroin 
consist of 18 types of amino acid within the molecular structures.
[48]
 
The silk fibroin was carbonized by heat treatment, with the 
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asistance of K intercaltion, and the surface area of the carbonized 
silk fibroin increased significantly. The carbonization of silk using 
the K intercartion process was first investigated under 500 °C, 
600 °C, and 700 °C (recorded as GC-500, GC-600, and GC-700) by 
XRD and Raman (See Fig. S1 in Supplementary Information Section). 
Two characteristic peaks at approximately 2θ= 24° and 44°, 
corresponding to the (002) and (101) planes of hexagonal graphite, 
were observed at 700 °C. However, no obvious characteristic peaks 
could be observed at 500 °C and 600 °C, indicating a poor 
crystallinity. More detailed investigations of the K intercartion 
process are dicussed in Supplementary Information section. Based 
on the results of X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), and Raman analyses, we selected 700 °C as the 
carbonization temperature for this work. In order to obtain the 
effect of K intercation, the silk fiber was treated with and without a 
KCl solution during the carbonization process at 700 °C, which was 
denoted as GF-700 and CF-700, respectively.  
The scanning electron microscopy (SEM) images of pristine silk 
fiber (SF), CF-700, and GF-700 are shown in Fig. 1. The original silk 
fiber exhibits a smooth surface (see Fig. S2 in Supplementary 
Information Section) and after carbonization at 700 °C, under an 
argon (Ar) atmosphere, the organic SF was transformed into 
carbonized fibers (CFs) with several nanopores randomly 
distributed on the surface (Fig. 1a). However, with KCl pretreatment 
in solution and carbonization at 700 °C, the SF became a highly 
porous, graphene-like fiber (GF). As shown in Fig. 1b, the GF had a 
rough surface composed of graphene nanosheets and clear 
graphene wrinkles. The TEM images in Fig.S 1c and 1d demonstrate 
the two distinct structures of silk-derived CF and GF fibers. 
Compared with the carbon flake exfoliated from silk-derived CF 
fiber, the GF fiber clearly shows a continuous 1D porous network. 
The architecture of the GF fiber consists of 2D graphene nanosheets, 
and the thickness of the nanosheets can be estimated in the range 
of 1 to 5 nm, as shown in Fig. 1d. The HRTEM image of CF shows 
that the carbon nanoflake has no obvious lattice fringe (Fig. 1c), 
whereas the nanosheets of GF display obvious disordered lattice 
fringes of carbon, with a layer-to-layer distance of approximately 
0.39 nm (Fig. 1f). The HAADF-STEM image of GF in Figure 1g 
confirms that GF is highly porous, revealing that the graphene 
nanosheets have two pore systems with a hierarchical architecture 
that consist of quasi-spherical nanovoids of 100-200 nm. In addition 
to the micropores, the graphene nanosheets also possess large 
numbers of nanopores in the sizes that range from 10 to 20 nm (Fig. 
S1d, 1f, and the inset). The specific surface areas of the silk fiber 
and silk-derived CF and GF were determined by the Brunauer-
Emmett-Teller (BET) method, which also illustrated the strong 
differences in structural changes via K intercalation. The original SF 




, whereas, after the 










, suggesting the formation of a porous structure 
composed of graphene-like carbon resulting from pretreatment by 
K intercalation. This porous structure is expected to facilitate fast 
ion transport and provide more accessible active sites for 
electrocatalysis. The STEM images in Fig. 1h to 1k show the 
distributions of carbon, nitrogen, and oxygen. The carbon signal 
area matches the nitrogen area, indicating homogenous 
distribution of N atoms within the carbon networks after K 
intercalation.  
Fig. 1. FE-SEM images of (a) silk-derived carbonized fiber (CF) and 
(b) silk-derived graphene-like fiber (GF). TEM images of (c, e) CF 
and (d, f) GF. (g) HAADF-STEM and (h-k) STEM-EDS mapping 
images of GF. 
The structural changes during carbonization are further 
characterized by X-ray diffraction. As shown in Fig. 2a, the silk fiber 
cocoon displays a main sharp peak at 19.6° that corresponds to the 
(020) diffraction peak of silk, exhibiting a typical β-sheet crystalline 
structure. For the silk-derived CF, two characteristic peaks at 
approximately 2θ= 24° and 44°, were observed, corresponding to 
the (002) and (101) planes of hexagonal graphite (JCPDS card no. 
41-1487). The GF fiber exhibits the representative (002) diffraction 
peak of the stacked graphene layers.
[46]
 Compared with CF, the peak 
of the (002) plane shifts slightly lower to 2θ= 23.2° for GF. 
According to Bragg's law (2dsinθ= nλ), a lower degree of 2θ 
indicates larger interlayer distances (d-spacing) of the graphite 
layers, demonstrating the graphene-like structure of GF and the 
expansion of interlayers of graphite caused by K intercalation. The 
natural silk fibers possess an oriented β-sheet crystal structure 
(high-ordered silk II structure) along the axis of the fiber. During the 
thermal annealing (above 700 °C), the noncrystalline random coil 
structures of the silk fibroin would be transformed into β-sheet 
crystal-dominant structures.
[47]
 Therefore, a lamellar-like layer 
structure was formed after thermal annealing. K intercalation led to 
the remarkable differences between the silk-derived CF and GF. The 
K ions during the thermal process efficiently intercalated into the 
carbon lattices of the carbon matrix, resulting in the expansion of 
the carbon lattices and the formation of graphene-like carbon. 
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When the intercalated K ions and other K compounds were 
removed, the expanded carbon lattices could not return to their 
previous nonporous structure, resulting in high microporosity.
[48]
 
Fig. 2. (a) The X-ray diffraction (XRD) patterns of the original silk 
fiber (SF), silk-derived CF and GF. (b) Raman spectra of the CF and 
GF. 
As shown in Fig. 2b, the Raman spectrum of CF exhibits a D 
band at 1343 cm
-1
 and a G band at 1656 cm
-1
. It is difficult to 
separate the individual contribution of D’ band, indicating that both 
the CF and GF have a high defect concentration.
[49] 
Moreover, the 
broadened peaks and the loss of sharp second order features also 
indicated the high defect densities in the CF and GF.
[50] 
The D band 
gives evidence of the presence of defects, that is, either edges
[51]
 or 
topological defects in the sheet.
[52]
 The increased D/G peak 
intensity ratio (ID/IG) of GF (1.19 vs. 1.13) may have indicated an 
increase in the structural defects with the K intercalation 
pretreatment. The silk-derived GF sample exhibits a relatively broad 
2D band, suggesting the existence of few-layer and graphene-like 
structures.
[52]
 This was also confirmed by the FE-SEM and TEM (Fig. 
1). 
 
Fig. 3. X-ray photoelectron spectra of (a) and (d): original silk fiber; 
(b) and (e): silk-derived carbonized fiber; (c) and (f): silk-derived 
graphene-like fiber. 
XPS measurements were performed to elucidate the chemical 
structure of GF-700. The complex C1s spectrum of the silk cocoon 
could be fitted to four peaks (Fig. 3a), with a binding energy (BE) at 
approximately 284.7, 285.6, 286.2, and 287.8 eV, which are 
attributed to –C–C/H, –C–N, C-OH/C-N and –O=C-N, respectively.
[56]
 
O=C-N (287.8 eV) reflects the carbon on the peptide backbone, 
whereas –C-C/H (284.6 eV) reflects the aliphatic C-C carbons of the 
amino acid pendant groups. The broad peak associated with the 
O=C-N backbone peptide groups (287.6 eV) indicates that more of 
these peptide backbone groups associated with β-structures are 
located at the surface than in amorphous structures. For the silk-
derived CF (Fig. 3b), the C1s spectra exhibits four peaks with BEs at 
284.6, 285.2, 286.4, and 289.2 eV. The peak at 284.6 eV 
corresponds to the graphite C bonds. The peak at 285.2 eV reflects 
the bonding structure of the C−N bonds, corresponding to the N-sp
2
 
C bonds, which may have originated from substitution of the N 
atoms and the defects or edges of the N-doped CF. Due to the 
higher electronegativity of N atoms, the weaker peaks at 286.4 and 
289.2 eV are ascribed to the C−O and O−C=O groups on the N-
doped CF, suggesting that the surface of the silk-derived, N-doped 
CF generates amounts of oxygen groups after carbonization. Fig. 3c 
displays the C1s spectra of silk-derived GF, and the four fitted peaks, 





 C bonds, C-OH/C-N, and –COOH,
[53]
 
respectively. The carbon components of GF were similar to those of 
CF, indicating that no obvious change in carbon species occurred 
during K intercalation. EDS analysis (Table S1 in Supplementary 
Information Section) also indicated that the K intercalation did not 
affect the components of CF. 
Table 1. Relative abundance of N species obtained from XPS analysis of 










CF 0.20 0.47 0.33 0 
GF 0.34 0.14 0.46 0.06 
To probe the chemical states of nitrogen in the silk-derived, N-
doped carbons, the high-resolution N1s peaks were further 
analyzed. The changes after carbonization and K intercalation were 
also investigated for CF and GF, and the data are summarized in 
Table 1. The N1s spectra for silk fiber (Fig. 3b) exhibits one main 
peak with a BE at 399.2 eV, corresponding to the amino acids of the 
silk fiber surfaces. The N1s spectra (Fig. 3e) of CF deconvoluted into 
three peaks at binding energies of 401.3, 400.3, and 398.6 eV, 
which are attributed to the graphitic (N-Q), pyrrole-like (N-5), and 
pyridinic-like nitrogen (N-6).
[54]
 These results indicate the 
conversion of N atoms within the amino group of silk into N-6, N-5, 
and N-Q during the carbonization process. The N1s spectra of GF 
(Fig. 3f) displayed four peaks listed as pyridinic-, pyrrolic-, graphitic- 
and oxidized-N, with binding energies at 398.6, 400.5, 401.3, and 
403.8 eV, respectively. An obvious increase in the pyridinic- and 
graphitic-N after K intercalation could be observed for GF compared 
with CF (Table 1), suggesting greater exposure of the active 
nitrogen species on the surface. 
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Fig. 4. CV curves of CF and GF in O2 or Ar (break line)-saturated 0.5 
M H2SO4 at 100 mV s
-1
. 
The electrocatalytic activity for oxygen reduction of CF and GF 
was first investigated by cyclic voltammetry (see Fig. 4). A quasi-
rectangular voltammogram without an obvious redox peak could be 
observed for the CF and GF samples in the Ar-saturated electrolyte. 
In the O2-saturated electrolyte, the onset potential of ORR on CF 
occured at approximately 0.58 V vs. RHE, with a single reduction 
peak of approximately 0.4 V vs. RHE. In contrast, the GF exhibited a 
comparable activity towards ORR with other N-doped carbons in 
acid solution (see Table S2 in Supplementary Information Section). 
Both the onset potential and the reduction peak of GF shifts more 
positively to approximately 0.78 V and 0.55 V vs. RHE, indicating a 
more facile ORR process on GF. To further investigate the effect of K 
intercalation, a linear sweep voltammetry (LSV) of ORR was 
conducted on GF and CF in O2-saturated 0.5 M H2SO4, as shown in 
Fig. 5a. For comparison, a commercial Pt (20 wt %)/C catalyst was 
also used. GF displays a comparatively high ORR onset potential of 
0.78 V (near the 0.85 V of Pt/C), which is much more positive than 
that of CF (0.58 V). The LSVs on GF were recorded at different 
rotating rates that ranges from 400 rpm to 3200 rpm (Fig. 5b). The 
current became more negative with the potential increasing, which 
is commonly observed on metal-free ORR catalysts with 
mesopores.
[55]
 GF from the reaction currents at the selected 
potentials on the LSVs (shown in Fig. 5c) to qualify the ORR process 
on this novel catalyst. The electron-transfer numbers (n) of GF at 
different potentials were calculated according to the slopes of the 
linear-fitted K-L plots on the basis of the K-L equation (see Fig. 5d; 
for details see the Supplementary Information Section). Increased 
values were obtained for GF as the potential became more negative, 
whereas n for GF was 3.0-3.3 over the potential range, which is 
higher than that of CF (2.1-2.3). This result showed that the GF had 
high selectivity for the efficient four-electron-dominated ORR 
pathway. The higher and steadier electron-transfer numbers also 
indicated smoother and higher electrochemical activity. The 
enhanced ORR activity of GF was further confirmed by the smaller 
Tafel slope (Fig. 5c, 154 mV decade
-1
) at lower over-potentials than 
that of CF (226 mV decade
-1
). The smaller Tafel slope of GF 
corresponded to more favorable ORR kinetics. Furthermore, the 
catalyst also exhibits high stability for ORR in an 8 hr durability test 
in 0.5 M H2SO4 (Fig. S3 in Supplementary Information Section). 
 
Fig. 5. (a) LSV curves of GF, CF, and Pt/C at a rotation rate of 800 
rpm in O2-saturated 0.5 M H2SO4. (b) LSV of GF in O2-saturated 
0.5 M H2SO4. (c) Tafel plots derived from (a). (d) K-L plots of GF at 
0.3 V, 0.35 V, 0.4 V, 0.45 V, and 0.5 V obtained from (b). Inset in (d) 
contains the obtained electron-transfer numbers (n) of GF and CF. 
The catalytic activity of the porous electrode for the ORR in a 
sulfuric acid electrolyte is mainly affected by several parameters of 
catalyst such as: (1) the quality of active site, (2) the number of 
effective active sites, or effective surface area of the electrode for 
the reaction.
[45]
 With the assistance of K intercalation, the carbon 
lattices of carbonized silk are expanded with the C-N and C-C bond 
cleavage, forming the graphene-like, N-containing carbon. This high 
nanoporous structure is composed of sheet structure that facilitates 
fast ion transport and provided more accessible active sites per 
geometric area for electrocatalysis. Furthermore, K intercalation led 
to preferential exposure of pyridinic- and graphitic-N (according to 
analyses by TEM and XPS) that are acitve sites for ORR. As a result, 
the ORR activity of the silk-derived fiber has been greatly enhanced 
with the assistance of K intercalation. 
Conclusions 
Carbonized silk with a graphene-like and porous structure showed 
high catalytic activity for the ORR in a sulfuric acid solution. The K 
intercalation of the carbonized silk fiber at 700 °C greatly improved 
the catalytic activity demonstrated by the increased onset potential. 
The intercalation also resulted in a higher selectivity of 4e
-
 
reduction and a lower Tafel plot, compared with carbonized silk (CF). 
The enhancement in the catalytic activity resulted from the 
formation of a porous structure composed of graphene nanosheets 
containing modifications of the nitrogen species. The method 
developed in this study is anticipated to synthesize a 
microstructural N-containing graphene from a natural silk for use as 
an ORR catalyst, which can be used toward greater environmental 
sustainability in future energy conversion applications. 
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